Individuals with spinal cord injuries above thoracic level 6 (T 6 ) experience episodic bouts of life threatening hypertension as part of a condition termed autonomic dysreflexia (AD). The paroxysmal hypertension can be caused by a painful stimulus below the level of the injury. Targeted ablation of mesenteric projecting sympathetic neurons may reduce the severity of AD by reducing sympathetic activity. Therefore, cholera toxin B subunit (CTB) conjugated to saporin (SAP, a ribosomal inactivating protein that binds to and inactivates ribosomes) was injected into the celiac ganglion to test the hypothesis that targeted ablation of mesenteric projecting sympathetic neurons reduces the pressor response to pain in conscious spinal cord transected rats. Nine Sprague Dawley male rats underwent a spinal cord transection between thoracic vertebrae 4 and 5 (SCT). Following recovery (5 weeks), all rats were instrumented with a radio telemetry device for recording arterial pressure and bilateral catheters in the gluteus maximus muscles for the infusion of hypertonic saline (hNa + Cl -). Subsequently, the hemodynamic responses to intra-muscular injection of hNa + Cl -(100 µl and 250 µl, in random order) were determined. Following the experiments in the no celiac ganglia injected condition (NGI), rats received injections of CTB-SAP (n=5) or CTB (n=3) into the celiac ganglia. CTB-SAP rats, compared to NGI and CTB rats, had reduced pressor responses to hNa + Cl -. Furthermore, the number of stained neurons in the celiac ganglia and spinal cord (segments T 6 -T 12 ), was reduced in CTB-SAP rats. Thus, CTB-SAP retrogradely transported from the celiac ganglia is effective at ablating mesenteric projecting sympathetic neurons and reducing the pressor response to pain in spinal cord transected rats.
INTRODUCTION
Autonomic regulation of the cardiovascular system is abnormal and unstable after mid-thoracic spinal cord injury (47) . For example, spinal cord injuries above thoracic level 6 (T 6 ) are associated with episodic bouts of life-threatening hypertension as part of a condition known as autonomic dysreflexia (AD). Lesions at or above T 6 are necessary for the development of AD due to loss of supra-spinal control to the critical splanchnic vascular bed and adrenal medulla. The adrenal medulla contains an important source of catecholamines for adrenergic receptors while the splanchnic circulation is critical in regulating arterial blood pressure because it receives approximately 60% of the cardiac output and contains approximately one third of the total blood volume (22) . The splanchnic circulation is innervated by sympathetic nerves which are vasoconstrictor through prevertebral sympathetic celiac, superior and inferior mesenteric ganglia as well as spinal sensory nerves (dorsal root ganglia neurons) which are vasodilator via sensory neurotransmitters such as calcitonin gene related peptide (22) .
The paroxysmal, life threatening hypertension can be caused by pain, stimulation of the skin, distension of the urinary bladder or colon and by muscle spasms (11; 32) .
Physiologically, AD is caused by a massive sympathetic discharge triggered by the stimulus originating below the level of the spinal cord injury (20) . If not treated promptly, the hypertension may produce cerebral and sub-arachnoid hemorrhage, seizures, renal failure and may lead to death (34) . The long-term consequence of repeated episodes of severe hypertension has yet to be determined.
Early interventions designed to prevent AD involved methodologies such as subarachnoid alcohol blocks, anterior rhizotomies, sacral extradural neurotomies and cordectomies, however these procedures often disrupt sexual, bladder and bowel function (10; 38) . Currently, chronic pharmacological blockade of components of the autonomic nervous system are employed to prevent AD, however these interventions are associated with similar side effects (38) . Furthermore, compliance for these agents is low due to the expense, forgetfulness and the episodic nature of the hypertension.
Thus additional interventions designed to attenuate the severity of AD have the potential to improve the quality of life for individuals and families with spinal cord injury.
Saporin (SAP) is a ribosomal inactivating protein that binds to and inactivates ribosomes; disabling the cell's protein synthetic machinery, and causing the cell to die over a period of hours to days through apoptotic mechanisms (2; 39; 43) . Saporin can be linked to molecules that allow targeting of the toxin to a precisely defined population of cells (27) . For example, saporin can be linked to retrogradely transported molecules like cholera toxin B subunit (CTB) that bind to specific membrane components that are differentially expressed on nerve cells. This provides a means for targeting saporin to a subset of neurons that could not previously be selectively ablated. For example, we recently documented that CTB-SAP retrogradely transported from the stellate ganglia is effective at ablating cardiac sympathetic neurons and reducing resting, exercise and reflex sympathetic activity (30) . Therefore, we tested the hypothesis that celiac ganglia injection of saporin conjugated to CTB (CTB-SAP) would reduce the hemodynamic responses to a painful stimulus (intramuscular injection of hypertonic saline) in spinal cord transected rats. We hypothesized that saporin would reduce the number of sympathetic post-ganglionic neurons in the celiac ganglia and virtually eliminate sympathetic pre-ganglionic neurons (SPNs) of spinal cord segments T 5 -T 12 without altering afferent function. We determined the size and number of sympathetic post-ganglionic neurons in the celiac ganglia; and since lesions at spinal segment T 6 or above are required for the development of AD, we assessed spinal levels T 6 and T 7 for ablation of SPNs. To document that afferent function was not altered by saporin, we examined the dorsal root ganglia of spinal segments T 5 -T 12 . We studied conscious, chronically instrumented rats to negate the confounding effects of anesthetic agents and surgical trauma.
MATERIALS AND METHODS
Experimental procedures and protocols were reviewed and approved by the Nine adult spinal cord transected Sprague-Dawley male rats were studied before celiac ganglia injection [no celiac ganglia injection (NGI)] condition. Subsequently, the rats were randomly divided into 2 groups 1) Celiac ganglia injection of CTB (n=3) and 2)
Celiac ganglia injection of CTB-SAP (n=5). One rat in the NGI condition did not survive the celiac ganglion injection procedure.
Surgical Procedures
All surgical procedures were performed using aseptic surgical techniques. Rats were anesthetized with pentobarbital sodium (50 mg/kg ip), atropinized (0.05 mg/kg, ip), intubated, and prepared for aseptic surgery. Supplemental doses of pentobarbital sodium (10-20 mg/kg ip) were administered if the rat regained the blink reflex or responded during the surgical procedures.
Spinal cord transection:
After anesthesia was induced, the rats were intubated and positioned prone over a thoracic roll that slightly flexed the trunk. The fourth thoracic vertebra was exposed via a midline dorsal incision and the spinous process and laminae were removed. Two ligatures (6.0 silk) were tightened around the underlying spinal cord between the fifth and sixth thoracic segments and the spinal cord was completely transected by cutting between the ligatures with scissors (28) . In this way there was minimal bleeding. The completeness of the transection was confirmed by visual inspection of the lesion site. During the acute recovery period (approximately 10 days), all rats were handled at least 6x daily. During these periods, visual inspections and physical manipulations were performed to detect and prevent pressure sores. In addition, the urinary bladder was voided by manual compression and all animals were weighed. After this acute recovery period, rats required only daily inspection, and the bladders did not require manual compression. In addition, body weight was recorded at least every other day to determine the overall health of the animals. Specifically, body weight on the day of the spinal cord transection averaged 424 ± 11 grams. At the completion of the studies, the body weights of the spinal cord transected rats averaged 399 ± 11 grams. It is important to note that the spinal cord transected rats eat unassisted and move themselves around the cage with their forelimbs. In fact, rats with identical spinal cord transections have been studied after dynamic exercise (7) . Specifically, spinal cord transected rats had their lower bodies secured onto a small cart and "ran" on a motor-driven treadmill. The spinal cord transected rats propelled themselves with their upper bodies at 9-12 m/min for 40 min without the use of adversive stimuli (7) .
At day seven post-transection, the rats received a motor activity score using criteria described previously (52) . The motor activity score was assessed by placing the animal on a paper-covered table and observing spontaneous motor activity for 1 minute.
Motor scores ranged from 0 to 5. A motor score of 5 indicates normal walking, whereas a score of 0 indicates no weight bearing or spontaneous voluntary movement in the hind limbs. All rats had a motor score of 0, which indicates no weight bearing. Upon completion of the studies, the site of the spinal transection was confirmed by autopsy.
All rats were allowed to recover at least 5 weeks.
Radiotelemetry Implantation: Subsequently, the rats were anesthetized as described above and a telemetry device (Model TA11PA-C40; Data Sciences International) was implanted in all rats as previously described (6; 7) for chronic, untethered measurements of arterial pressure and heart rate and a catheter was placed in the intra-peritoneal (IP) space for the infusion of fluids and drugs. Specifically, the transmitter body and the IP catheter were placed in the IP space through a ventral abdominal approach. The IP catheter was exteriorized on the dorsal aspect of the neck.
The pressure sensor of the telemetry device, located within the tip of a catheter, was inserted into the descending aorta via the left carotid artery. In addition bilateral catheters were placed in the gluteus maximus muscles for the infusion of hypertonic saline (hNa + Cl -). A minimum of one week was allowed for recovery and for the animals to regain their pre-surgical weight. During the recovery period, the rats were handled, weighed, and acclimatized to the laboratory and investigators.
Experimental Procedures

Autonomic Dysreflexia Protocol:
After the recovery period, conscious, week was allowed for recovery and for the animals to regain their pre-surgical weight.
After the recovery period, the hemodynamic responses to intra-muscular injection of hNa + Clwere repeated as described above (Figure 1 ). (26) . Consistent with recent findings (30) injection of CTB into the celiac ganglia revealed many immunopositive neurons whereas injection of CTB-SAP revealed no neurons (Figure 4 ).
Perfusion, Tissue
Data Analysis:
All data are from nine rats before celiac ganglia injection [no celiac ganglion injection (NGI)], 5 rats in the CTB-SAP condition and 3 rats in the CTB condition (one CTB rat did not survive the final protocol). All recordings were sampled at 2 kHz and the data were expressed as means ± SE. All data for the stabilization period were the average of every beat during the last 10-15 seconds of the period. For the intervention period, data were the average of every beat during the 10-15 seconds around the peak response. Two separate one-factor ANOVAs (one before cardiac autonomic blockade and one after cardiac autonomic blockade) were used to compare resting mean arterial pressure and heart rate ( Table 1) . Two separate two-factor ANOVAs with repeated measures (NGI CTB versus CTB and NGI CTB-SAP versus CTB-SAP) and post hoc Holm-Sidak method were used to compare the pressor response to 100 and 250 µl hNa + Clin the NGI, CTB and CTB-SAP groups (Figure 2) . Finally, a one-factor ANOVA was used to compare neuronal number and soma area between the NGI, CTB and CTB-SAP groups (Figure 3 ). Table 1 presents mean arterial pressure and heart rate at rest, before and after cardiac autonomic blockade in the three groups of rats: 1) no celiac ganglia injection (NGI), 2) CTB injected into the celiac ganglia, and finally, 3) CTB-SAP injected into the celiac ganglia. Resting mean arterial pressure and heart rate before and after blockade were not different between the three groups. Figure 2 presents the change in mean arterial pressure in response to 100 µl and 250 µl of hNa + Clinjected into the gluteus maximus muscle in the NGI, CTB and CTB-SAP conditions. The control data for the CTB and CTB-SAP rats are presented separately. Specifically, the 3 animals that received CTB were matched with their response before injection (NGI CTB ). The 5 animals that received CTB-SAP were matched with their response before injection (NGI CTB-SAP ). The change in mean arterial pressure in response to 100 µl or 250 µl of hNa + Clwas not different between the NGI and CTB groups (F = 0.154, DF = 1). However, the pressor response to 250 µl was significantly greater than the response to 100 µl across groups (F = 37.896, DF = 1). In sharp contrast, the arterial pressure response to both 100 µl and 250 µl of hNa + Clwere significantly lower in the CTB-SAP group documenting an attenuated autonomic dysreflexia (F = 171.4, DF = 1). Furthermore, the pressor response to 250 µl was significantly greater than the response to 100 µl across groups (F = 52.7, DF = 1). injections of saporin did not have afferents disrupted since neurons within the dorsal root ganglia were not affected, suggesting that afferent pathways remained functional.
RESULTS
DISCUSSION
In this study, we tested the hypothesis that celiac ganglion injection of saporin would reduce the hemodynamic responses to pain (autonomic dysreflexia) in spinal cord transected rats. The major findings of this study include: 1) CTB-SAP rats had a reduced blood pressure response to intra-muscular injection of hypertonic saline (Figures 1 and 2) . 2) Associated with the reduced pressor response to hypertonic saline was a reduction in the number and/or area of celiac post-ganglionic neurons and celiac projecting SPNs (Figures 3 and 4 ) without affecting afferent neurons ( Figure 5 ).
Since, autonomic dysreflexia is caused by a massive sympathetic discharge triggered by the stimulus originating below the level of the spinal cord injury (20) these data suggest that saporin reduced the sympathetic response to a painful stimulus below the level of the lesion in spinal cord transected rats.
Autonomoc dysreflexia occurs in as many as 85% of individuals with spinal cord injuries above thoracic level 6 (T 6 ) and is characterized by severe hypertension, sweating, dizziness, nausea, and severe headaches. AD can be caused by stimulation of the skin, distension of the urinary bladder or colon, pain and muscle spasms. The afferent stimulation below the level of the injury results in massive sympathetic activity that causes vasoconstriction of most vascular beds below the injury and baroreflexmediated bradycardia due to parasympathetic activation and sympathetic withdrawal above the lesion with resultant vasodilatation that mediates headaches and skin flushing. To prevent the baroreflex-mediated bradycardia, which has been documented to be inconsistent (6; 7), we performed cardiac autonomic blockade. We were interested in blocking the massive sympathetic activity to the mesenteric vasculature and cardiac autonomic blockade has no effect on this response. It is important to note that sympathectomy (ganglion ablation) is markedly different from targeted ablation of celiac sympathetic pre and post ganglionic neurons.
Reductions in sympathetic responses
Sympathectomy ablates fibers passing through the ganglia disrupting afferent signals as well as efferent fibers ascending and descending within the sympathetic chain. In this context, rats with celiac ganglion injections of saporin did not have afferents disrupted since neurons within the dorsal root ganglia were not affected ( Figure 5 ), suggesting that afferent pathways remained functional. This is important because many biological functions, for example the defecation reflex, are initiated by afferent stimuli and mediated, in part, by spinal reflexes. Individuals with spinal injuries can take advantage of this reflex loop by using digital rectal stimulation to assist with defecation and other biological functions. However additional studies will be required to further characterize this new procedure.
In addition, sympathectomy largely prevents norepinephrine release (possibly leading to denervation supersensitivity). Thus, there is no way to grade the level of sympathetic denervation. In sharp contrast, with celiac injections of saporin, it may be possible to adjust the dosage to partially denervate targets to desirable levels. Finally, this new method provides an additional technique to selectively denervate sympathetic control to the vasculature providing options for susceptible individuals.
Clinical Implications
Prior to World War II, 80% of individuals with spinal cord injury died within 3 years of the injury. However, with the advent of antibiotic drugs and advancements in acute care and rehabilitation, the life expectancy of individuals with spinal cord injury has increased to near that for able-bodied individuals. Importantly, cardiovascular disease is now a leading cause of death and morbidity for individuals with spinal cord injuries (12) . Autonomic dysreflexia may be a contributing factor since the long term consequence of repeated episodes of severe hypertension has yet to be determined.
However, it is well known that increased arterial pressure variability is a significant cardiovascular disease risk factor (9) . Thus, interventions designed to reduce episodic bouts of hypertension may prevent end-organ damage, cerebral and sub-arachnoid hemorrhage, seizures and renal failure and may prevent death.
It is important to note that the hypertension associated with AD is markedly under recognized (10). This is a serious concern because a continuous, strong, graded, independent and etiologically significant relationship between elevated blood pressure and cardiovascular and cerebrovascular risk has been described (50) . Thus, early intervention for all individuals with hypertension is recommended based on studies documenting that antihypertensive therapy reduces mortality and ameliorates symptoms of hypertension in individuals with accelerated hypertension as well as individuals with so-called benign hypertension. These results suggest that reducing the hemodynamic response to AD may have long term beneficial consequences in individuals with spinal cord injury.
In addition, individuals with spinal cord injuries have distinct hemodynamic responses to a variety of activities of daily living. For example, it is well established that individuals with mid-thoracic cord injury have elevated heart rates and lower stroke volumes at rest and during activity than able-bodied individuals (16) . Similarly, rats with mid-thoracic spinal cord injury have elevated heart rates [ Table 1 and (21; 31; 33)] as well as increased cardiac sympathetic tonus (28; 46) . Numerous studies have documented that an elevated heart rate is a strong risk factor for the development of cardiovascular disease (18; 42) . Furthermore elevated cardiac sympathetic activity is responsible for, and/or contributes to, the morbidity and mortality associated with many cardiovascular disorders. Thus reducing cardiac sympathetic tonus with stellate ganglia injection of CTB-SAP may reduce the incidence of cardiovascular disorders in the spinal cord injury population (8; 28; 29; 48) . This hypothesis merits future investigation.
LIMITATIONS
Although some investigators have raised questions with preparations where a common carotid artery (CCA) is ligated due to theoretical concerns about central ischemia and/or loss of a baroreceptor station, we have used this procedure for many years and do not believe it is a concern.
Specifically, in an extensive evaluation of rodent models of cerebral ischemia, Ginsberg and Busto concluded that unilateral CCA ligation in rats leaves the cerebral energy state unchanged (15) . Although Levine and Payan (23) first observed that approximately 20% of Mongolian gerbils (Meriones unguiculatus) subjected to unilateral CCA ligation developed severe neurologic signs and died within 2 days; subsequent histologic studies revealed an absence of the expected posterior communicating arteries that, in rats, connect the carotid and vertebrobasilar arterial systems (24) . Thus concerns regarding central ischemia are unwarranted.
Regarding baroreceptor denervation, blockade of the left carotid sinus did not alter the reflex control of the circulation, which led the authors to suggest the existence of a central communication between the two carotid sinuses (1) . Furthermore, Ciriello and colleagues (5) have shown that the afferents from the carotid and aortic baroreceptors converge to the same areas in the central nervous system. It is possible that because of the lack of information from one carotid baroreceptor, the responses to changes in pressure at the aortic baroreceptors increase. Finally, over 4-7 days after bilateral carotid sinus denervation , the strength of control of both peripheral resistance and atria rate as well as mean arterial pressure returned to the levels observed before denervation (40) . Considering previous studies as well as our experience with this procedure over several years, we do not believe that ligation of a single CCA affects the neural control of the circulation.
CONCLUSION
The results of this study show that CTB-SAP retrogradely transported from the celiac ganglia is effective at ablating sympathetic neurons innervating the mesenteric vasculature and reducing the hemodynamic response to intramuscular hypertonic saline. This new procedure may become an option for individuals experiencing AD especially when compliance with pharmacological management is low due to the expense, forgetfulness and the episodic nature of the hypertension.
PERSPECTIVES AND SIGNIFICANCE
Since 1914, members of the medical community have used celiac plexus blockade with a combination of steroid and anesthetic solutions to temporarily interrupt nociception stimuli from the pancreas in individuals with abdominal pain associated with chronic pancreatitis and advanced pancreatic cancer (19) . Subsequently, permanent destruction of celiac ganglia neurons using a phenol-or alcohol-based solution was introduced for individuals with severe pain from intra-abdominal malignancies. These procedures are typically performed by anesthesiologists, interventional radiologists and surgeons using a variety of percutaneous or intraoperative techniques (13; 25; 36; 53) .
Currently, with the development of the linear array echo endoscope, endosonographers easily localize and directly deliver anesthetic agents to the celiac plexus (14) . Since it has become easy to localize and directly deliver agents into the celiac plexus (41) The control data for the CTB and CTB-SAP rats are presented separately. Specifically, the 3 animals that received CTB were matched with their response before injection (NGI CTB ). The 5 animals that received CTB-SAP were matched with their response before injection (NGI CTB-SAP ). There was no difference in the arterial pressure response to 100 µl or 250 µl of hNa + Clbetween the NGI and CTB groups. However, the arterial pressure response to both 100 µl and 250 µl of hNa + Clwere significantly lower in the CTB-SAP group documenting an attenuated autonomic dysreflexia.
*P<0.05 CTB-SAP vs NGI and CTB Resting mean arterial pressure (MAP) and heart rate (HR), before and after cardiac autonomic blockade, in rats in the no celiac ganglia injected condition (NGI) and after cholera toxin B (CTB) or cholera toxin B conjugated to saporin (CTB-SAP) was injected into the celiac ganglia. The control data for the CTB and CTB-SAP rats are presented separately. Specifically, the 3 animals that received CTB are matched with their response before injection (NGI CTB ). The 5 animals that received CTB-SAP are matched with their response before injection (NGI CTB-SAP ). Values are means ± SE.
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